The quantum dot ͑QD͒ concentration dependence of the optical properties of QD monolayers is shown to be dominated by Förster resonant energy transfer ͑FRET͒ from smaller to larger QDs in the ensemble. With increasing QD concentration a redshift of the peak emission wavelength, a shortening of the photoluminescence lifetime of the QDs on the high-energy side of the ensemble emission spectrum as well as increased difference in the lifetimes on the high-and low-energy sides are observed in the layer-by-layer deposited QD monolayers. There is also evidence of an increased rise time in the time-resolved photoluminescence decays on the low-energy side of the QD emission for two of the three samples presented in most detail. A theory of FRET in two dimensions is applied to explain the lifetime decrease on the high-energy side of the ensemble emission and confirms that the impact of the QD concentration on the optical properties is primarily due to FRET from the smaller to larger QDs in the ensemble. The concentration effects are stronger in QD samples which have a broader emission peak compared to the Stokes shift. Based on good agreement with FRET theory, the QD concentration and the overlap of the QD emission and absorption peaks can both be used to control the efficiency of the FRET process in monodispersed QD layers.
I. INTRODUCTION
Over the last decades quantum dots ͑QDs͒ have attracted a lot of interest in solid-state research due to their unique optical properties. The electron confinement results in very narrow emission and can be easily tuned by changing the size of the QD. 1 The quality of chemically synthesized colloidal QDs ͑or nanocrystals͒ has improved in recent times; due to their high quantum yields and good photostability, colloidal QDs are outperforming molecular dyes in many areas of application. 2, 3 Colloidal QDs are widely used for solution based nanosensors 2, 4 and for biological labeling, 5 with great advances also reported for optoelectronic devices containing colloidal QDs such as LEDs, 6, 7 photodetectors, and photovoltaics. [8] [9] [10] An additional advantage of colloidal QDs is the possibility for easy and cost-effective processing. QDs can be obtained in different solvents making them suitable for spincoating, drop-casting, or forming Langmuir-Blodgett films. [11] [12] [13] Also the layer-by-layer ͑LbL͒ deposition technique, based on the electrostatic self-assembly of oppositely charged macromolecules, 14 has been shown to be suitable for charged colloidal QDs such as CdTe QDs. 15 Numerous reports have been published on energy transfer in QD structures formed using these techniques among others. [16] [17] [18] [19] [20] [21] [22] [23] To date there have been only a few reports investigating the influence of the QD concentration on the optical properties and/or energy transfer in monodispersed QD layers, 16 even though they are the fundamental building blocks of many of the systems and devices highlighted above. It is important to consider the QD concentration when comparing the results reported in different publications; its impact on the signal levels, outcome of measurements and performance of devices has to be determined and taken into account. Additionally, the QD concentration may provide a mechanism for tuning the energy transfer efficiency in QD layers.
The QD monolayers under study were prepared using the LbL technique. It is a fast deposition technique that allows for the formation of closely packed monolayers that are of high interest for applications and that cannot be achieved as easily with the other deposition techniques. Additionally, the LbL technique enables the realization of complex layered structures at the nanoscale on substrates of any shape and morphology and is therefore a very powerful and flexible tool. [12] [13] [14] [15] Thus, it is used for the preparation of many different types of structures and has, in particular, shown valuable results for the preparation of light emitting and guiding structures, [24] [25] [26] [27] photovoltaic devices, [28] [29] [30] sensors, and detectors. [31] [32] [33] Artificially designed microparticles and nanoparticles with multiple functionality can be synthesized with the help of the LbL technique and have been proposed for applications in areas such as quantum-information processing, optoelectronics, or biotechnology. [34] [35] [36] As the LbL deposition allows for the positioning of layers in nanometer steps, it is also beneficial for the investigation of energy transfer processes 17, 19, 21, 22 as well as the interaction of surface plasmons with QDs. [37] [38] [39] Previous research reported in the literature has shown that nanocrystal to nanocrystal energy transfer can be appropriately described using Förster resonant energy transfer theory despite the inhomogeneous broadening of the QD ensembles and their relatively large size compared to the typical Förster radii of 2-10 nm. [40] [41] [42] [43] Temperature dependence 23 and distance dependence 21, 22 studies have provided further experimental verification that energy transfer between colloidal nanocrystal QDs occurs by the Förster resonant energy transfer mechanism. Additionally, it was shown that energy transfer in QD systems is occurring resonantly or isoenergetically between the lowest-energy states of smaller QDs, from which the emission arises, and states of larger QDs that correspond to the distinct first absorption peak that is separated from the QD emission feature by the Stokes shift. 18 We have previously reported on Förster resonant energy transfer ͑FRET͒ in mixed QD monolayers consisting of QD donors and acceptors with two different sizes, 44 and FRET in ͑mostly three-dimensional͒ monodispersed QD assemblies has already been observed before. 16, 18, 20, 23 Here, we present a detailed analysis of FRET in monodispersed QD monolayers giving rise to concentration dependent optical properties.
II. EXPERIMENTAL METHODS
Ten different samples of negatively charged, greenemitting colloidal CdTe QDs, stabilized by thioglycolic acid in aqueous solution, were used for the deposition of monolayers on quartz slides by the layer-by-layer electrostatic assembly technique. 14, 15 The QDs were synthesized according to standard procedures. 45, 46 By using a solution with low QD concentration ͑1.5ϫ 10 −6 M͒ for immersion, the deposited QD layer concentration was varied by changing the immersion times between 1 and 40 min. A graph showing a typical dependence of the QD layer concentration on the immersion time for one of the QD samples can be found in the Appendix.
The QD monolayers were deposited on top of four polyelectrolyte bilayers. The polyelectrolyte layers provide a charged surface for the adsorption of the charged QDs. Each bilayer consists of a negatively charged poly͑sodium 4-styrene sulfonate͒ ͑PSS͒ and a positively charged poly͑di-allyldimethylammonium chloride͒ ͑PDDA͒ layer. PSS and PDDA ͑20 wt% solution͒ were obtained from Sigma Aldrich. The PSS solution for the LbL process was prepared by diluting 560 l of a PSS stock solution ͑containing 345 mg PSS powder in 10 ml of millipore water͒ in 5.3 ml millipore water and 0.2 ml of a 3 M NaCl solution. For the PDDA solution 170 l of the 20 wt % PDDA solution were mixed with 5.8 ml millipore water and 0.2 ml of the NaCl solution. The PSS and PDDA bilayers were deposited by immersing the substrate alternating in the PSS and PDDA solutions for 10 min including an intermediate rinsing step in millipore water for 1 min between each immersion.
A double beam UV-Vis Recording Spectrometer ͑Shi-madzu UV-2401 PC͒ was used to measure the absorption spectra of the QD solutions and layers between 350 and 800 nm. Room-temperature steady-state photoluminescence ͑PL͒ spectroscopy of the solutions and the layers was performed with a Perkin-Elmer LS 55 fluorescence spectrometer using an excitation wavelength of 400 nm, provided by a pulsed Xenon lamp. The time-resolved PL decays of the QD layers were recorded using a PicoQuant Microtime200 timeresolved confocal microscope system with 150 ps resolution. A LDH-480 laser head, controlled by a PDL-800B driver ͑PicoQuant͒, provided picosecond pulses at 470 nm with an average power of 16 nW and a 10 MHz repetition rate for excitation in these measurements. The PL decays were measured over an area of 80ϫ 80 m 2 ͑150ϫ 150 pixels͒ with an integration time of 4 ms per pixel. To collect the emission from different parts of the QD ensemble broad band filters centered at 500, 550, and 600 nm with a full width at half maximum ͑FWHM͒ of approximately ͑70Ϯ 5͒ nm were used in the PL lifetime measurements. Under these excitation conditions the integrated QD intensity increases linear with pump power, ensuring that not all QDs are excited at the same time and that there is no multiple exciton generation in a single QD.
III. RESULTS AND DISCUSSION
Following the presentation of their properties in solution, the concentration dependence of the optical properties of the QD monolayers will be discussed in detail for three representative samples of the ten samples investigated. A theory of FRET in two dimensions 47 is applied to confirm that the decrease in the lifetime on the high-energy side of the ensemble emission is dominated by FRET from smaller to larger QDs within the ensemble. Furthermore, it is shown that it is sufficient to measure the lifetime difference across the QD ensemble within the monolayer at a single concentration to assess the prevalence of intra-layer FRET. The data for all ten samples follows the trend of the theoretical curve indicating the generality of the results.
A. Optical properties of QD solutions
In Fig. 1 the PL ͑squares, left-hand axis͒ and absorption spectra ͑lines, right-hand axis͒ are shown for the solutions of the three samples presented in most detail: QD1, QD2, and QD3. The graphs for these three QD samples will always be represented in the same order: QD1-top panel, QD2-center panel, and QD3-bottom panel.
All three samples have PL emission in the green spectral range and a summary of their respective PL emission wavelength, the FWHM of the PL emission spectrum, the position of the first absorption maximum as well as the Stokes shift can be found in Table I . The large FWHM of the PL peak is dominated by the inhomogeneous broadening of the QD ensemble arising from a distribution of QD sizes, shapes, and chemical inhomogeneities present in the sample.
1 Both, the FWHM and Stokes shift of the QDs presented here lie within the typical range of values observed for colloidal CdTe nanocrystal QDs. QD1 has a large PL FWHM compared to its small Stokes shift, where the Stokes shift is the energy difference between the first absorption peak and the PL emission maximum. The FWHM is almost equal to the Stokes shift for QD2 and is smaller than the Stokes shift for QD3.
The QD size, as well as the concentration of the QDs in solution, can be determined from the position of the first absorption peak as well as the absorption value. 48 For the three QD samples introduced above the QD size is approximately 2.7 nm in diameter for QD1 and 2.2 nm for samples QD2 and QD3. The concentration of the QD monolayers c QD has been determined by comparing their absorption spectra to the ones of the solutions. Taking into account the change in absorption path length and assuming that the extinction coefficient of the QDs is the same in solution and in the monolayer, the ratio of the peak absorption values is directly proportional to the ratio of the respective concentrations according to Lambert-Beer's law. B. Optical properties of QD monolayers
Observations
The PL emission of the monolayers had to be corrected for an emission background originating from light reflected by the substrate as well as a weak polyelectrolyte emission. 49 The integrated QD PL is shown as a function of the QD concentration in the layer in Fig. 2 ͑solid squares, left-hand axis͒. The integration was carried out between 450 and 700 nm, and therefore covers the whole emission range of all three QD samples. As expected, the PL intensity increases with increasing QD concentration. For QD1 a linear increase of the intensity with concentration, as indicated by the dashed line, occurs at low concentrations. The slope of the line is proportional to the quantum yield of the QDs in the layers. At higher concentration the PL intensity is increasing at a slower rate, which would correspond to a decrease in the quantum yield. For QD2 and QD3 the PL intensity increases linearly with QD concentration even up to the highest concentrations investigated ͑Fig. 2͒. In Fig. 2 , the PL peak wavelength for each QD layer is also shown ͑open circles, righthand axis͒. It shifts to the red with increasing QD concentration for all three QD samples. For QD1 the emission shifts from about 545 nm at a concentration of 0.6 ϫ 10 17 m −2 to 561 nm at 3.4ϫ 10 17 m −2 , corresponding to a shift of 16 nm. For QD2 the PL peak shifts by only 9 nm, from 536 to 545 nm, in the same concentration range. No low-concentration data below 1.4ϫ 10 17 m −2 was available for QD3 due to the low quantum yield of this sample and the comparison of the redshift cannot be extended to QD3 in the same detail. Therefore, the peak wavelength shift of all three samples is compared over a smaller concentration range be- redshift of the PL emission peak is a signature of energy transfer from the blue, high-energy side of the emission spectrum of the QD ensemble ͑small QDs͒ to the red, low-energy side ͑larger QDs͒. 16, 18, 20, 23 In order to investigate this more closely, time-resolved PL measurements have been carried out on all QD layers. The PL decays for QD layers with a concentration c QD of approximately 2.4ϫ 10 17 m −2 are shown over the first 5 ns in the three panels of Fig. 3 for the three QD samples. The decay recorded from the whole ensemble ͑no filter͒ is shown in black ͑squares͒ and the decays on the blue and red sides of the QD emission spectrum are shown in blue ͑circles͒ and red ͑triangles͒, respectively. For all three QD samples a faster decay on the blue side and a slower decay on the red side with respect to the unfiltered decay is observed. Even at this one concentration there is evidence that the difference between the decay times on the blue and red sides decreases from QD1 to QD2 to QD3. This will be analyzed in more detail below. It is interesting to note that the decay on the red side of the QD emission spectrum shows a shift of the peak FIG. 2. Dependence of the integrated PL intensity ͑solid squares, left-hand axis͒ and the PL peak wavelength ͑open circles, right-hand axis͒ on the QD concentration in the monolayers for QD1 ͑top panel͒, QD2 ͑center panel͒, and QD3 ͑bottom panel͒. The dashed lines are included as a guide to the eye to highlight the mostly linear dependence of the integrated PL intensity on the QD concentration. The error on the concentration determined from the monolayer absorption spectra is maximum 20% at low concentrations and reduces to 0.2ϫ 10 17 m −2 at concentrations higher than 1.0ϫ 10 17 m −2 . The error in the determination of the peak wavelength is at most 0.5 nm. for the three samples studied ͑QD1-top, QD2-center, and QD3-bottom͒.
intensity to a later time, corresponding to a rise time of approximately 0.28 ns for the QD1 and QD2 layers. This is also consistent with energy transfer from the blue to the red side of the ensemble emission spectrum. However, there is no discernible rise time for QD3. The time-dependent intensity decays I͑t͒ were fitted with a two-exponential decay function I͑t͒ = I 1 exp͑−t / 1 ͒ + I 2 ͑−t / 2 ͒, where two decays times 1 and 2 with the respective intensity weights I 1 and I 2 were taken into account. The average lifetimes were calculated as intensity weighted means = I 1 1 2 +I 2 2 2 I 1 1 +I 2 2 . Average lifetimes blue and red have been determined for the decays on the blue and red sides of the PL emission spectrum for all QD layers. The average error on the extracted lifetimes is about 0.2-0.3 ns. In Fig. 4 , the average lifetimes of the blue side of the ensemble emission spectrum are shown for all three QD samples as a function of the QD concentration ͑solid squares, left-hand axis͒. The difference of the lifetimes from the blue to the red side, 1 − blue / red , is also shown ͑open circles, right-hand axis͒. For QD1 ͑Fig. 4, top panel͒ the lifetime on the blue side of the emission spectrum decreases from an initial value of about 9.0 ns at 0.4ϫ 10 17 m −2 to 2.2 ns at 3.4ϫ 10 17 m −2 . The lifetime on the red side ͑data not shown here͒ is also decreasing with increasing concentration; however the influence of the QD concentration is less pronounced than for blue . In order to compare these two lifetimes over the range of concentrations investigated, the difference 1 − blue / red is analyzed. For QD1 this difference is almost negligible at a concentration of 0.4ϫ 10 17 m −2 and increases to 75% at high concentrations. The concentration dependence of the lifetime difference follows a similar trend to the one observed for the FRET efficiency with increasing acceptor concentration in a mixed donor-acceptor QD monolayer. 44 However, the values presented here cannot be understood as FRET efficiency as the lifetimes on the blue side of the ensemble emission spectrum are compared with the ones on the red side and not an undisturbed value of the blue side. The decrease in blue is less pronounced for QD2 ͑Fig. 4, center panel͒ and the lifetime difference only increases to about 65% at high concentrations. For QD3 ͑Fig. 4, bottom panel͒ blue shows an almost concentration-independent value of about 6.2 ns and blue and red show only a difference of 30% at high concentrations.
The decrease in blue with increasing QD concentration ͑corresponding to a decreasing QD separation͒ confirms that the concentration effects presented here are due to energy transfer from the blue to the red side of the QD ensemble emission ͑from smaller to larger QDs͒ by the Förster mechanism, 50,51 a nonradiative, resonant energy transfer process mediated by dipole-dipole interactions. In a monodispersed multilayer or three-dimensional QD structure the observed concentration effects on the optical properties of the QD structures will be even stronger. Comparing FRET between donor and acceptor QDs in a mixed QD monolayer and a separated donor/acceptor bilayer structure, slightly higher FRET efficiencies are expected for the mixed monolayer structure due to the smaller donor-acceptor separations in a closely packed layer. 22 However, in the case of FRET in monodispersed QD systems, adding a second ͑or more͒ layer of QDs corresponds to an increase in the number of energy accepting QDs around a particular QD in the structure. Therefore, due to the increased QD concentration per unit volume, the probability for energy transfer within the ensemble will be enhanced. Increased energy transfer will lead to further shifts of the PL peak emission wavelength, a stronger decrease in the lifetime on the blue side of the ensemble emission spectrum and an increased difference in lifetime across the ensemble emission for three-dimensional QD structures.
Theoretical modeling
In this section the impact of intra-ensemble energy transfer on the lifetime in monodispersed QD layers will be in- FIG. 4 . QD concentration dependence of the average lifetime on the blue side of the ensemble emission spectrum ͑solid squares, left-hand axis͒ as well as of the lifetime difference between the red and blue sides ͑open circles, right-hand axis͒ for QD1 ͑top panel͒, QD2 ͑center panel͒, and QD3 ͑bottom panel͒ monolayers. The error on the average lifetimes extracted from two-exponential fits of the PL decays is approximately 0.2-0.3 ns. vestigated in more detail. There are two nonradiative mechanisms for energy transfer from a donor to an acceptor which would both result in a decrease in the donor lifetime, the Dexter exchange mechanism 52, 53 and the Förster resonant energy transfer mechanism. 50 The Dexter mechanism is concerned with excitation transfer via an exchange process requiring the overlap of the wave functions between the donor and acceptor. It is a short-range mechanism, efficient typically on the subnanometer scale. 52 In the QD monolayers the minimum distance that can be achieved between the donor and acceptor in a closely packed QD layer is given by the exclusion zone, R ex , given by the sum of the radii of the QDs and the thickness of the TGA ligand shell of 0.5 nm. 54 The length of the ligand is only taken into account once, as the ligand shells can interpenetrate. 19, 54 This minimum separation of 2.7-3.2 nm for QD1, QD2, and QD3 will only be achieved at the highest concentrations and is still a relatively large separation in context of Dexter energy transfer. In contrast the Förster mechanism is less sensitive to the donoracceptor separation than the Dexter mechanism and can occur over longer separation distances. 50, 51 As discussed earlier there have been a number of previous theoretical and experimental studies showing that energy transfer between nanocrystal QDs can be appropriately described by FRET theory. 18, [21] [22] [23] [40] [41] [42] [43] In order to investigate the impact of intra-ensemble FRET on the lifetime in monodispersed QD layers in more detail, the lifetime decrease presented in Fig. 4 is compared to the concentration dependence of the lifetime predicted by a theory of FRET between randomly distributed donors and acceptors in two dimensions. 47 This theory has previously been applied successfully to interpret the change in the donor PL decay as well as the acceptor concentration dependence of the FRET efficiency in a mixed donor-acceptor QD monolayer. 44 In this theory the concentration dependence of the yield q r = ͑c QD ͒ / 0 , the ratio of the concentrationdependent lifetime and an undisturbed value in the absence of energy transfer, is calculated according to Eq. ͑1͒ ͓Eq. ͑22͒ in Ref. 47͔ as a function of the Förster radius R 0 and an exclusion zone radius R ex , that arises from the QD size as well as the thickness of the ligand shell.
In Eq. ͑1͒ the incomplete Gamma function ␥͑x , y͒ = ͐ 0 y z x−1 e −z dz is used; r represents the ratio R ex / R 0 and C = c QD R 0 2 is a dimensionless concentration of the QDs. R ex is the exclusion radius, as described above. The Förster radius R 0 is the distance between a donor and an acceptor for which the FRET efficiency is 50%.
The results of the modeling of the lifetime data based on the FRET theory in two dimensions are presented in Fig. 5 . The values for R ex , R 0 , and the undisturbed lifetime blue 0 on the blue side of the QD ensemble emission spectrum used in the modeling of the lifetime decrease on the basis of Eq. ͑1͒ are given in Table II . The data is presented as the yield, q r = blue ͑c QD ͒ / blue 0 , as a function of QD concentration, where the data for the experimental yield q r is calculated by dividing the measured lifetime of each sample by the initial, undisturbed lifetime value blue 0 ͑given in Table II͒ . It can be clearly seen that the yield decreases most strongly for QD1, less for QD2, and only little for QD3. The curves for the theoretical yield are calculated by numerical integration of Eq. ͑1͒. The optimum theoretical fits are represented as lines in Fig. 5 . The value of R ex is essentially determined by the size of the QDs, which can be obtained from the spectral data. 48 The values for the QD size and R ex determined in this way are given in Table II . Therefore, in fitting the experimental lifetime data R ex was kept within the error of Ϯ0.3 nm on the value extracted from the absorption spectra. As can be seen good agreement between the experiment and theory is obtained for each of the three types of QDs over the full range of concentrations investigated, indicating that the FRET mechanism can adequately explain the concentration dependence of the lifetimes measured in the monolayers. It can also be noted that no deviation from the FRET theory is observed at high concentrations for any of the three samples, indicating that even at these concentrations there is no evidence to suggest a transition to the Dexter energy transfer mechanism. Therefore it is concluded that FRET is the primary mechanism determining the concentration dependence of the optical properties of the monolayers.
Additionally, as can be seen in Fig. 5 ͑right-hand axis͒, control of the QD concentration provides a mechanism for tuning the FRET efficiency. For example, for QD1 the FRET efficiency, E FRET =1−q r , can be varied from 0% to 85%.
The Förster radius R 0 can also be calculated from the absorption and emission spectra of the QDs. Comparison of the R 0 values extracted from both the lifetime and spectral data provides a means to validate the parameters extracted from the lifetime data and confirm that FRET is the dominant mechanism influencing the QD concentration dependence of the PL lifetime of the QD layers. The Förster radius R 0 is described by FIG. 5 . Measured ͑symbols͒ and calculated ͑lines͒ lifetime yield q r ͑left-hand axis͒ in dependence of the QD concentration c QD for samples QD1 ͑squares͒, QD2 ͑open circles͒, and QD3 ͑triangles͒.
The corresponding values of the FRET efficiency E FRET can be read from the right-hand axis. The estimated errors of the calculated yield and the FRET efficiency are approximately 5%.
where the orientation factor is given by 2 =2/ 3 for randomly oriented dipoles, as is the case for the QDs in monolayers, and a volume-weighted refractive index n = 2.1 is used. The quantum yield Q D is different for each QD sample and was determined by comparison with a Rhodamine 6G luminescence standard for the respective monolayers; it is in the range of 3 -6 % for the three QD samples QD1, QD2, and QD3. The most important factor for the calculation of R 0 in this study is the spectral overlap J, which can be calculated using Eq. ͑3͒.
where Î QD ͑͒ is the area-normalized emission spectrum and QD ͑͒ is the extinction spectrum. The extinction spectrum is obtained from the absorption spectrum via Lambert-Beer's Law. 44 Normally, in donor-acceptor systems, J describes the overlap of the donor emission and the acceptor extinction spectrum. However, for the monodispersed QD structures investigated here Eq. ͑3͒ is used to calculate the overlap of the area-normalized emission spectrum Î QD ͑͒ of a QD sample with its own extinction spectrum QD ͑͒. J will therefore be referred to as self-overlap in the following. The Förster radius R 0 determined from Eqs. ͑2͒ and ͑3͒ for the three QD samples are also summarized in Table II .
The values of R ex and R 0 obtained from the modeling of the concentration dependence of the lifetime yield q r agree well with the ones estimated from the spectral properties of the QD samples ͑see Table II͒ . This unambiguously proves that the decrease in the lifetime with QD concentration is due to FRET from the blue to the red side of the QD ensemble emission spectrum. Furthermore it shows that the ligand shell sufficiently separates the QDs so that no other mechanisms such as surface effects due to direct contact or tunneling between the QDs has to be taken into account to interpret the lifetime data. These effects can therefore be neglected when studying layers formed with this type of chemically stabilized QDs.
As has already been reported for other monodispersed QD assemblies, the energy transfer is due to an overlap of the first absorption peak with the PL emission of the QDs.
This overlap, as calculated with Eq. ͑3͒, arises from the inhomogeneous broadening of the QD ensemble, represented by a large PL FWHM, and a small Stokes shift. 16, 18, 20, 23 The three samples can be characterized by the ratio of the PL FWHM and the Stokes shift. As this ratio decreases from 1.35͑QD1͒ to 1.01͑QD2͒ to 0.96͑QD3͒, corresponding to a decrease in the overlap of the QD states, a reduced impact of the change in QD concentration on the optical properties of the QD monolayers is expected and observed. Increased intra-ensemble FRET in the QD1 and QD2 samples may also explain the sublinear increase in the integrated PL intensity, seen in Fig. 2 , as energy losses might occur during the energy transfer.
Impact of self-overlap
In order to characterize the impact of FRET on the optical properties of all ten QD samples, the lifetime difference 1− blue / red is analyzed at a fixed concentration. Even though this parameter is not the real FRET efficiency E FRET =1−q r , it has a similar concentration dependence as has been discussed above. The advantage of considering the lifetime difference, 1 − blue / red , is that it allows for evaluation of the probability of intra-ensemble FRET in a specific QD sample from a single measurement at only one concentration. Accurate determination of the FRET efficiency E FRET or the yield q r would require measurements on at least two monolayers of different concentrations, including one at a very low concentration. In Fig. 6 the lifetime difference as a function of the self-overlap J, calculated from the solution spectra with Eq. ͑3͒, is shown for all ten QD samples at a concentration c QD of approximately 2.5ϫ 10 17 m −2 . It can be clearly seen that the difference in lifetime of the blue and red sides of the ensemble emission increases with increasing self-overlap J, consistent with the stronger influence of intraensemble FRET on the optical properties of monolayers of QD samples with a higher self-overlap.
It is interesting to note that this trend can be fitted with the dependence of the FRET efficiency E FRET on the self-overlap The distance r i denotes the distance between one QD and its i th neighbor. In a closely packed layer six QDs are located in the first shell around a central QD. Assuming that only these nearest neighbors will be able to receive energy from the central QD due to a relatively large QD separation compared to R 0 , the constant in Eq. ͑4͒ can be written as
As J is calculated in units of nm 4 M −1 cm −1 , the QD separation r DA has to be included in nm in Eq. ͑5͒. At a concentration c QD Ϸ 2.5ϫ 10 17 m −2 closely packed layers are formed, and r DA will be approximately R ex which is an average 2.7 nm for the ten QD samples ranging in diameter from 1.0 to 2.8 nm and emission peak wavelengths between 511 and 553 nm. The refractive index n is 2.1 and the orientation factor 2 =2/ 3 as stated above. Including a quantum yield Q D of 2% in the QD layer, the constant given by Eq. ͑5͒ is on the order of 1.1ϫ 10 15 . The best fit, represented by a line in Fig. 6 , is achieved for const. = 1.4ϫ 10 15 , which is in reasonable agreement with the expected value taking into account the difference in size for the ten QD samples as well as variations in the quantum yield and QD concentration in the different monolayers. The good agreement between the trend of the FRET efficiency as a function of self-overlap with the lifetime difference indicates that it is reasonable to use the lifetime difference of the blue and red sides of the QD ensemble emission to indirectly observe the intra-ensemble FRET from the lifetime measurements at a single concentration.
For experimental studies of QD structures and devices, in particular those based on energy transfer, for light emitting diodes and photovoltaic application, it is important to be aware of the possibility of intra-ensemble FRET within the QD layers. Where intra-ensemble FRET could affect the results of measurements or impair device performance Fig. 6 indicates that QD samples with a self-overlap of less than 1.0ϫ 10 15 nm 4 M −1 cm −1 should be used for green emitting CdTe QDs. Equations ͑4͒ and ͑5͒ can be applied to determine the appropriate self-overlap for nanocrystal QDs of any material or size emitting in a different wavelength range. However, as the overlap depends on the Stokes shift and the FWHM of the PL peak, a small self-overlap is typically achieved at the expense of the quantum yield as the reduction in the FWHM is obtained by more stringent size selection, reducing the overall luminescence. Therefore, the need for a small self-overlap has often to be traded off against a loss in quantum yield.
IV. CONCLUSIONS
The optical properties of QD monolayers have been investigated in detail for three QD samples of differing inhomogeneous broadenings and Stokes shifts. As the QD concentration in the layers increases the PL peak wavelength redshifts, the lifetime on the blue side of the PL emission spectrum decreases and the difference of the lifetimes of the QDs on the blue and red sides of the ensemble emission increases. These effects are attributed to Förster resonant energy transfer from smaller to larger QDs within the ensemble, facilitated by the overlap of the absorption and PL peak. The concentration dependence of the lifetime on the blue side of the QD ensemble emission can be reproduced by FRET theory in two dimensions, confirming that intraensemble FRET is the dominant process giving rise to the shortening of the QD decay with increasing concentration. For QD samples with a small self-overlap, due to a small PL FWHM and a large Stokes shift, the concentration effects are less pronounced. The deviation of the PL intensity from a linear increase with increasing QD concentration, in the samples in which the most energy transfer can occur, may be explained by energy losses due to increased energy transfer at high concentrations. The trend of an increasing influence of the QD concentration on the optical properties of QD monolayers for samples with increasing self-overlap is in good agreement with FRET theory. Temperature tuning for controllable FRET has been previously proposed. 55 Here we 
APPENDIX
With a concentration of 1.5ϫ 10 −6 M, the QD solution for the layer-by-layer deposition of the QDs is not over saturated and for short immersion times in the range of tens of minutes, only submonolayer coverage is achieved. Therefore, the concentration of the QDs in the deposited layers can be varied by changing the immersion time as shown in Fig. 7 .
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